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The chemical nature of the different interfaces and possible segregation effects are studied in fully
epitaxial Fe/MgO/Fe s001d oriented heterostructures fabricated by combined sputtering plus laser
ablation deposition techniques. Auger electron spectroscopy depth profiling experiments showed
that the interfaces of the MgO spacer with the Fe layers are different, the inner MgO/Fe being
spatially broader and with an FeO interlayer, while that of the outer Fe/MgO is spatially narrower
with no evidence of FeO formation. This spatial and chemical asymmetry is interpreted in terms of
the different deposition procedures, which affect the formation of both interfaces. No Fe segregation
in the MgO layers or MgO segregation in the Fe films is observed. © 2005 American Institute of
Physics. fDOI: 10.1063/1.1847718g
In recent years, fully epitaxial magnetic tunnel junctions
made out of Fe/MgO/Fe s001d type heterostructures have
been the object of study due to the high-predicted values sas
high as 6000%d of tunnel magnetoresistance sTMRd.1,2 Nev-
ertheless, the experimentally measured TMR in this kind of
structure is in the range from 15 up to 67% at room tempera-
ture sRTd.3–5 A plausible explanation is that, in actual junc-
tions, a number of factors not easy to include in theoretical
models such as segregation between different layers, elec-
trode oxidation at the interface with the oxide barrier, or
interface asymmetry in nominally symmetric interfaces, can
alter the interface nature and consequently the transport
properties. In this sense, theoretical calculations have re-
cently shown6 that the presence of an FeO layer in the Fe/
FeO/MgO/Fe s001d system reduces the TMR ratio with re-
spect to the symmetrical case due to a decrease in the
majority channel conductance, approaching the experimen-
tally obtained values.
The presence of such an interfacial FeO layer in MgO/
Fes001d ssay “barrier/bottom electrode”d structures has been
reported7–9 for MgO high temperature reactive deposition of
Mg in the presence of oxygen, an Fe-oxide formation which
is thermodynamically favored.10 Nevertheless, an open ques-
tion not yet reported is the nature of the Fe/MgOs001d s“top
electrode/barrier”d interface, which is nominally symmetric
and equivalent to the MgO/Fe, but that in real systems might
exhibit different properties. In fact, in the MgO/Fe interface
formation, sometimes carried out at high temperatures, the
very likely presence of atomic O can favor the oxidation of
the Fes001d surface. Besides, in the case of MgO laser abla-
tion, the energetics intrinsic to the deposition method can
give rise to interdiffused interfaces. On the other hand, the
Fe/MgO interface formation is usually performed by thermal
evaporation or sputtering of Fe at RT on a well-formed,
stable MgOs001d surface. Therefore the structure and chemi-
cal nature of the MgO interfaces with top and bottom elec-
trodes does not necessarily need to be the same. The aim of
this work is to investigate the nature of both interfaces in
complete Fe/MgO/Fe heterostructures, especially in the Fe/
MgO case.
Samples s535 mm2d were fabricated on MgOs001d sub-
strates by combined sputtering and laser ablation deposition
techniques, as can be found elsewhere.11,12 Chemical analy-
sis of the samples and depth profiling experiments were car-
ried out by Auger electron spectroscopy sAESd in an ultra-
high vacuum JEOL-Jamp-10S scanning microscope by ion
bombardment. The electron gun was operated at energy of 5
keV, a current of 120 nA, and had a 60-µm-diam spot. Ion
etching of the samples was performed with Ar+ gun s2 keV,
10 nA currentd on a rastered area of 232 mm2, to ensure the
signal collection exclusively from the eroded area, and to
minimize the number of induced defects and interdiffusion
between adjacent layers. For quantitative analysis, KLL s503
eVd, LMM s703 eVd, and KLL s1174 eVd Auger transitions
of O, Fe, and Mg, respectively, were considered. A more
detailed description of the technique can be found in Ref. 13.
Ex situ atomic force microscopy sAFMd measurements were
performed in several MgO/Fe heterostructures to study the
influence of the MgO deposition temperature on the growth
mode and morphology of the barrier.
In this work several samples corresponding to the differ-
ent steps in the fabrication of the final trilayered Fe/MgO/Fe
structure were grown. Once checked the purity of the Fe
bottom layers deposited at room temperature and annealed at
670 K on the buffered substrate as well as the correct sto-
ichiometry of the deposited MgO films, with no preferential
Mg vs O sputtering observed,14 we first proceeded to analyze
a series of MgO/Fes001d bilayered structures, where MgO
films of different thicknesses s50, 100, 200 Åd where grown
at 670 K onto the Fe surface. Upon inspection of the high
kinetic energy region in the AES spectra of the as-received
samples, a significant Fe LMM signal, besides the O and MgadElectronic mail: fjpalomares@icmm.csic.es
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peaks from the MgO layer, is observed regardless of the
MgO thickness. This can be due to Fe floating on the MgO
surface, Fe interdiffusion into the barrier layer, or Fe signal
from the bottom electrode due to the presence of pinholes in
the MgO layer. Nevertheless, in AES depth profiling experi-
ments of the bilayer, the intensity evolution of Fe, O, and Mg
peaks as the MgO ion-milling process proceeds exhibiting
constant values, contrary to what should be expected in the
case of Fe floating on the MgO or gradual Fe diffussion
through the MgO barrier. This means that the barrier grown
at this temperature has pinholes and does not cover com-
pletely the Fe layer underneath.
As a next step, a set of trilayer Fe/MgO/Fe structures
with upper Fe layer 50, 100, and 200 Å thick were fabricated
to determine the symmetry of the Fe–MgO vs MgO–Fe in-
terface. MgO spacer deposition was at 670 K and the upper
Fe layers were grown at RT. Detailed AES depth profiling
characterization was performed in the trilayers to determine
the atomic concentration of each element in the heterostruc-
ture, and the symmetry and width of the Fe–MgO vs
MgO–Fe interfaces. Different thicknesses of the Fe upper
electrode were considered to evaluate the effect of the intrin-
sic interface broadening with depth from the ion-milling pro-
cess. For the sake of clarity, only the results corresponding to
the trilayer with 100 Å Fe upper electrode have been consid-
ered for discussion, as shown in Fig. 1. In this case, and after
removal of a contaminant layer adsorbed during the transfer
in air of the sample, the top Fe layer is detected sbetween
1500 and 3500 s sputteringd in which neither Mg nor O
signals are observed. Between 3500 and 5200 s, the Fe–MgO
interface is explored. The Fe concentration decreases, and,
correspondently, Mg and O ones increase. The MgO layer
has the correct 1:1 stoichiometry, as determined from the
sensitivity factors obtained with previous samples, and there-
fore, there is no O signal left that might contribute to the
formation of Fe-oxide. As the ion-milling continues sbe-
tween 5200 and 10 700 sd a constant Fe signal is clearly
observed in the region corresponding to the MgO barrier, a
result consistent with the AES depth profiling experiments
performed in the MgO/Fe bilayers. In principle, although the
O and Fe atomic percentages observed might suggest the
formation of Fe-oxide in the stoichiometic MgO layer due to
Fe interdiffusion, it does not account for it, but it is explained
in terms of the existence of holes through which the AES
technique is able to explore and get information of the first
layers in the deeper MgO–Fe interface ssee the followingd.
For milling times between 10 700 and 13 500 s, the evolu-
tion of the atomic concentration with depth across the
MgO/Fe interface shows a decrease of the Mg and O signals,
which do not overlap each other as expected for the existence
of only stoichiometric MgO. In fact, the difference of both
contents remains approximately constant and equals an extra
O percentage of 10%, which is attributed to the presence of
an Fe-oxide interfacial layer in a near 1:1 Fe:O ratio. More-
over, it is evident that the asymmetric nature of interfaces at
each side of the barrier comes from not only the width sbeing
the MgO/Fe broaderd, but also from the composition and
oxidation state schemically abrupt Fe–MgO vs MgO–
FeO–Fe interfaced. This effect is illustrated in Fig. 1 with
shadowed bands of different width at the places where the
interfaces are. This wider MgO/Fe interface, together with
slightly different decaying rates for the Mg and O signals,
probably indicates a dissociation of the Mg–O bond, giving
rise to the Fe oxide interfacial layer, as observed by Meyer-
heim et al.7,8 and Oh et al.9 when depositing the MgO layer
at high temperature, and justified by Vassent et al.10 accord-
ing to entropic arguments. The thinner Fe/MgO interface can
be due to the deposition of Fe on a well-established, strongly
bonded MgO surface, at low deposition temperature. Never-
theless, this behavior could also emphasize the importance of
the preparation conditions to form the Fe/MgO/Fe hetero-
structures since different annealing processes and deposition
techniques are used, sputtering and laser ablation, for Fe and
MgO, respectively. Likewise, it is worth mentioning that the
asymmetry observed at the interfaces is equivalent for the
three trilayered structures, regardless of the Fe upper elec-
trode thickness s50, 100, or 200 Åd, eradicating the origin as
a broadening due to the ion-milling process, in which case
the observed width would be larger for the thicker ones.
Taking into account the results obtained from the previ-
ous series of samples, three different 200 Å MgO/500 Å Fe
bilayers were grown. To study the effect of temperature on
the modification of the morphological properties of the bar-
rier in terms of better continuity and the absence of holes, the
MgO barriers were deposited at 670 K ssample Ad, RT
ssample Bd, and RT followed by 670 K thermal treatment for
10 minutes ssample Cd. Figure 2sad shows the high kinetic
energy AES spectra taken for the three samples previous to
ion milling. Carbon and oxygen peaks are visible due to
contamination induced by exposure to air when transferring
the samples into the AES spectrometer chamber. The three
main Fe LMM characteristic transition peaks are clearly ob-
served in sample A, in agreement to what was observed in
the set of trilayered samples, while they are very weak for
sample B grown at RT, and indistinguishable from the back-
ground in sample C with annealed MgO barrier. On the other
hand, low energy spectra snot shownd with more sensitivity
to the outermost surface layers, reveal the presence of iron
oxide features for sample A; samples B and C display low
FIG. 1. AES depth profile of a 100 Å FesRTd/200 Å MgOs670 Kd/500 Å
FesRT1annealedd trilayered structure where the interface region for the
MgO/Fe case is broader than the Fe/MgO one.
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energy features similar to that of the MgO reference layers.
From these results it is clear that the different annealing steps
induced some changes in the barrier, which might affect its
properties somehow.
In order to elucidate whether any morphological modifi-
cation took place, AFM measurements were carried out in
these bilayered structures. The AFM images in Fig. 2sbd evi-
dence the presence of holes in MgO layers deposited at 670
K and RT. In contrast, for the MgO layer deposited at RT and
annealed, no holes are observed within the experimental
resolution. In any case, despite the very close roughness val-
ues of 5.7 and 2.9 Å measured in samples A and C, respec-
tively, very significant differences in their topography were
found. Therefore, the AES results together with the AFM
observations indicate that MgO does not wet completely the
Fe bottom electrode when grown at 670 K, being porous
when grown at RT. However, the annealing treatment of this
MgO layer gives rise to a more compact, porous free, and
continuous barrier.
In summary, we have reported an interface asymmetry in
tunnel junction-like Fe/MgO/Fes001d structures. AES depth
profiling experiments show that both interfaces are spatially
different, the MgO/Fe interface being broader than the Fe/
MgO one, and also chemically, with the presence of a FeO
interfacial layer in the MgO/Fe interface. This is due to the
different fabrication procedure to obtain both interfaces.
These results together with AFM measurements suggest the
more likely presence of pinholes in the MgO barrier grown
at 670 K as compared to that grown at low temperature and
annealed at moderate temperatures.
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FIG. 2. sad High kinetic energy AES spectra taken for three 200 Å MgO
barriers deposited at 670 K ssample Ad, RT ssample Bd, and RT followed by
670 K thermal treatment for 10 min ssample Cd, on an annealed 500 Å Fe
layer. sbd AFM measurements of a MgO surface deposited on a Fe layer at
RT sleftd, and subsequently annealed at 670 K during 10 min srightd.
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